Cu addition to the base alloy reduces the total amount of deleterious phases such as chromium nitride and sigma and chi phases. In particular, Cu addition to the base alloy results in pronounced suppression of the amount of sigma phase whereas it slightly facilitates the precipitation of chromium nitride and chi phase along the phase boundaries and within ferrite grains. During the initial stage of aging, the preferential precipitation of chromium nitride and chi phase seems to be closely associated with the retardation of the precipitation of the sigma phase. The preferential precipitation of chromium nitride and the chi phase inhibits the nucleation and growth of the sigma phase by depleting the Cr adjacent to the chromium nitride particles and depleting the Mo and W adjacent to the chi phase. Thus, the addition of Cu to the base alloy reduces its embrittlement owing to the delayed precipitation of these deleterious phases.
Introduction
Super duplex stainless steels (SDSSs) are increasingly being used in various applications, including in power plants, desalination facilities, and chemical plants. This is owing to their high resistance to pitting and crevice corrosion, excellent mechanical properties, and relatively low cost, in contrast to other high performance materials such as super austenite stainless steels. 13) However, when used in shell and tube exchangers, SDSSs exhibit corrosion resistance that is insufficient to allow for high temperature operations and a long service life. Hence, hyper duplex stainless steels (HDSSs), which exhibit high resistance to pitting corrosion, combined with improved mechanical properties, have been developed.
When duplex stainless steels (DSSs) are aged at 600 950°C, deleterious phases such as chromium nitride, as well as secondary (i.e., sigma (·) and chi (»)) phases, tend to precipitate in them. 49) This precipitation of secondary phases and chromium nitride leads to a significant reduction in the corrosion resistance of the steels as well as a deterioration of their mechanical properties owing to their inherent brittleness and the formation of Cr-, Mo-, and W-depleted regions around the phases.
1015)
DSSs contain a significant amount of Cr, Mo, and W which improves corrosion resistance. These alloying elements facilitate precipitation of secondary phases such as the · and » phases. In addition, for DSSs, the tendency to secondary phases precipitation is crucial since the existence of the ferrite (¡) phase will enhance the kinetics for precipitation of secondary phases. The secondary phases preferentially precipitate into the ¡ phase due to the higher Cr and Mo concentration in the ¡ phase. 16) A fundamental reason why the secondary phases preferentially grow into the ¡ phase is that the ¡ phase is thermodynamically meta-stable at temperature where the secondary phases precipitate. 17, 18) In addition, the diffusion rates of the alloying elements in the ¡ phase are 100 times faster than the corresponding values in the austenite (£) phase. 19, 20) The effects of various alloying elements on the precipitation of secondary phases such as · and » phases have been investigated previously. The addition of C and N in ferritic stainless steels (FSSs) retards the formation of the · phase by increasing the incubation period.
21) The addition of N reduces the tendency of · phase formation in the ¡ phase since it results in the removal of Cr from the solution through the formation of chromium nitride. 22) Kim et al. 23) reported that the addition of a small amount of Ce (55110 ppm) to HDSSs results in the homogeneous distribution of Ce in the alloy matrix and delays the precipitation of secondary phases by reducing the diffusion rates of Cr, Mo, and W. Park et al. 24) showed that partially substituting W for Mo retarded the formation of the · phase in FSSs. This was due to an increase in the tendency of formation of a » phase with a higher nucleation efficiency and lower growth rate than those of the · phase. Nana and Cortie 25) reported that the addition of Cu in FSSs suppresses the precipitation of the · phase since the excessive Cu is shifted away from the reaction ¡/· interface. Smuk et al. 26) showed that the addition of Cu results in Cu precipitates in the ¡ phase during slow cooling and retards the precipitation of the · phase; this is due to the fact that the Cu precipitates pin the moving · phase boundaries in DSSs.
However, the effects of Cu addition on the precipitation of chromium nitride and the · and » phases as well as on the mechanical properties of HDSSs have not yet been investigated. In particular, the mechanisms by which the addition of Cu affects the precipitation of chromium nitride and the · and » phases in HDSSs during the initial stage of aging have not been elucidated.
Therefore, in this study, we employed focused ion beam (FIB) milling and transmission electron microscopy (TEM) to study the microstructural changes induced in HDSSs during the initial aging stage by the addition of Cu. The FIB milling technique was used to fabricate the TEM samples, allowing us to prepare samples from specific sites of interest such that the precipitation behavior of chromium nitride and · and » phase could be investigated in depth. This is permitted for greater flexibility in the TEM-based measurements. In addition, to elucidate the effects of Cu addition on the precipitation of chromium nitride and the · and » phases as well as the mechanical properties of HDSSs, X-ray diffraction (XRD) analysis, scanning electron microscopeenergy dispersive X-ray spectroscopy (SEM-EDS) analyses, and TEM-EDS, image analysis, tensile tests were also performed.
Experimental Procedures
Ingots weighing 50 kg with dimensions 150 by 150 by 300 mm (width by length by height) were manufactured using a high frequency vacuum induction furnace. After these ingots were hot rolled in the range of 1333 to 1523 K, plates of 6 mm thickness were manufactured. The chemical compositions of the alloys are presented in Table 1 . The experimental alloys were cut and solution heat-treated for 5 min per 1 mm thickness at 1363 K and then quenched in water. The specimens were then isothermally aged at 1123 K for 10 and 30 min.
To observe the microstructures of the alloys, they were ground to 2000 grit using SiC abrasive papers, polished surface using diamond paste. The sample was ultrasonic cleaned in acetone and distilled water to remove any impurities from the polished surface of the sample. The · and » phases and chromium nitrides were observed using SEM in backscattered electron mode (BSE). In addition, the chemical compositions of the secondary phases and chromium nitrides were analyzed by an EDS attached to the SEM. XRD analysis was performed on specimens containing a relatively large fraction of precipitates for the phase identification. FIB milling technique for the preparation of TEM specimens was conducted. The » phase and chromium nitrides were analyzed using a TEM. The line profiles of the Cr, Mo and W in the » phase and chromium nitrides were measured using an EDS attached to the TEM.
Tensile tests were conducted at room temperature to investigate the effects of secondary phases on the ductility of the alloys under constant strain rate of 0.01/s. Tensile specimens were cut parallel to the rolling direction of the sheets 3 mm thick with a gage section 25 mm long and 6.35 mm wide. Figure 1 shows the microstructures of solution-annealed alloy specimens and aged alloy specimens at 1123 K for 10 and 30 min. The solution-annealed alloy specimens had £ phase and ¡ phase without secondary phases. The £ phase can be seen as an isolated phase on the background of the ¡ phase, which looks relatively dark (Figs. 1(a) and 1(d)). Meanwhile, after the specimens had being aged at 1123 K for 10 min, it was found that precipitates were formed in the specimens and that these precipitates formed continuous networks along the grain boundaries while also appearing randomly within the grains (Figs. 1(b) and 1(e)). These precipitates were revealed the » and · phases and chemical compositions of these were confirmed by SEM-EDS analyses, as shown in Table 2 . Only precipitates greater than 1 µm in size were selected in order to minimize the influence of the matrix on the analysis results. A few precipitates of the » phases formed continuously along the phase boundaries between the £ and ¡ phases, and the · phase appeared randomly within the grain of the ¡ phase, in keeping with the eutectoid reaction. In the case of the specimens that were aged at 1123 K for 30 min (Figs. 1(c) and 1(f )), the total size of the secondary (» + ·) phases at the grain boundaries as well as that within the ¡ grains increased. Although the secondary (» + ·) phases grew further in both the experimental alloys, the precipitation rate and type of secondary phases in the case of the base alloy were different from that in the case of the 1.5Cu alloy. In particular, in the case of the base alloy, in numerous instance, the · phase formed within the ¡ grains and the » phase precipitated continuously along the boundaries between the £ and ¡ phases. However, in the case of the 1.5Cu alloy, the · phases did not grow to a significant degree at the grain boundaries and within the ¡ grains, but, in a number of instances, the » phase grew further along the phase boundaries between £ and ¡ phases and within the ¡ grains. In a previous study, it was found that the addition of Cu to the HDSSs facilitates the precipitation rate of » phase owing to the increase in the activity of W and retards the precipitation of · phase owing to the decrease in the activity of Mo.
Results and Discussion

Microstructures
27) Figure 2 shows the XRD analysis of the alloys aged at 1123 K for 30 min. With increasing aging time, the peak of ¡ phase is led to become lower conspicuously, gradually deriving · phase. After aging at 1123 K for 30 min, the peak of · phase of the base alloy is higher than that of 1.5Cu alloy. On the other hand, the peak of » phase of the base alloy is lower than that of 1.5Cu alloy. Small amounts of · and » phases are not detected by XRD analysis due to overlap between secondary phases with ¡ phase and, mainly, £ phase reflections. Nevertheless, the · phase reflections such as (112), (212), (411) and (331) are led to become higher conspicuously. Figure 3 shows SEM-BSE images of chromium nitride particles in the alloy specimens aged at 1123 K for 10 and 30 min. In the case of the base alloy, in numerous instances, the · phase formed within the ¡ grains and the » phase precipitated continuously along the boundaries between the £ and ¡ phases. In addition, a few rounded and acicular nitride particles precipitated continuously along the phase boundaries (Figs. 3(a) and 3(b) ). The results of the SEM-EDS analyses indicated that these rounded and acicular nitride particles were of chromium nitride; this was owing to the fact their Cr content was much higher than that of the matrix. The chemical composition of the chromium nitride particles as determined by the SEM-EDS analyses is listed in Table 2 . The precipitation rate and type of the secondary (» + ·) phases and chromium nitride particles in the base alloy, however, were different from those in the case of the 1.5Cu alloy. In the case of the 1.5Cu alloy, the · phase did not grow to a significant degree at the grain boundaries or within the ¡ grains; instead, in a number of instance, the » phase and chromium nitride particles precipitated along the boundaries between the £ and ¡ phases and within the ¡ grains (Figs. 3(c) and 3(d)). It is known that chromium nitride particles nucleate at ¡/£ phase boundaries and within ¡ grains as well as at ¡ grain boundaries (¡/¡) in the ¡ phase.
2830) Further, the · phase did not form or grow at the phase boundaries where the preferential precipitation of chromium nitride and the » phase occurred. This result confirmed that the preferential precipitation of chromium nitride and the » phase in the experimental alloys inhibited the nucleation and growth of the · phase. The addition of Cu to the base alloy significantly suppresses the extent of the · phase; this is due to the number of precipitated chromium nitride particles and the » phase. In a previous study, it was found that the addition of Cu to the HDSSs facilitates the precipitation of chromium nitride and stabilizes the alloy at high temperatures owing to the increase in the activity of Cr. Figure 4 shows a TEM bright-field image, SAED pattern, and the result of the line analysis of the » phase in the 1.5Cu alloy specimens aged at 1123 K for 10 min. The results of the TEM analysis demonstrated that the precipitates were » phases in the 1.5Cu alloy specimens aged at 1123 K for 10 min (Fig. 4(a) ). Based on the SAED pattern (Fig. 4(b) ), the » phase has a body centered cubic (BCC) structure. Mo and W-depleted zones adjacent to the » phase were observed (Fig. 4(c) ). The results show that » phases leads to Mo and W-depleted areas at the interfaces between the matrix and the » phases. Figure 5 shows a TEM bright-field image, Selected Area Electron Diffraction (SAED) pattern, and the result of the line analysis of the chromium nitride in the 1.5Cu alloy specimens aged at 1123 K for 10 min. The results of the TEM analysis demonstrate that the precipitates were chromium nitride particles in the 1.5Cu alloy specimens aged at 1123 K for 10 min (Fig. 5(a) ). Based on the SAED pattern ( Fig. 5(b) ), we realized that the chromium nitride had a hexagonal close packed (HCP) structure. A Cr-depleted zone adjacent to the chromium nitride was observed (Fig. 5(c) ). The results indicate that the formation of chromium nitride particles leads to Cr-depleted areas at the interfaces between the matrix and the chromium nitride particles. 
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Effect of Cu on the Precipitation of Deleterious Phases and the Mechanical Properties of 27Cr7Ni Hyper Duplex Stainless Steels
The preferential precipitation of chromium nitride and the » phase seems to be closely associated with the retardation of the precipitation of the · phase. As was found during the previous metallographic observations, the preferential precipitation of chromium nitride and the » phase occurred along the phase boundaries and within the ¡ grains. In particular, the » phase develops from the · phase, which acts as a precursor. Thus, the formation of the · phase is significantly 1.5Cu alloy-10 min.
1.5Cu alloy-30 min. phase. In the initial stage of chromium nitride and the » phase formation, the · phase formed is small in size, because the amount of Cr, Mo, and W present for · phase formation are insufficient around the chromium nitride particle, which have a very high Cr content, as well as around the » phase, which has very high W and Mo contents. The addition of Cu to the base alloy significantly suppresses the extent of the · phase, owing to the number of precipitated chromium nitride particles and the » phase. Park et al. 24) have reported that the preferential precipitation of the » phase in the FSSs during the initial stage of aging can inhibit the nucleation and growth of the · phase, owing to depletion of the Mo and W adjacent to the » phase. Figure 6 shows the effects of Cu addition and aging at 1123 K on the area fraction of the » phase, the · phase and the total secondary (» + ·) phases in the experimental alloys by computer based image analyzing system. Ten randomly dispersed BSE images were used for the quantitative measurement of the phase fraction. In BSE image, the secondary phases embedded in the ¡ phase had a high Cr, Mo and W content, and produced bright shadeds, such as light grey (·) and white (»), respectively. With an increase in the aging time, the area fraction of the » phase precipitated in the 1.5Cu alloy becomes much higher than that in the base alloy ( Fig. 6(a) ). However, the area fraction of the · phase precipitated in the base alloy is higher than that in the 1.5Cu alloy (Fig. 6(b) ). Figure 6(c) shows that the area fraction of the total secondary phases (» + ·) precipitated in the base alloy was much higher than that in the 1.5Cu alloy. In summary, as the aging time is increased, the addition of Cu to the base alloy reduces the extent of the secondary phases (» + ·). In particular, the addition of Cu to the base alloy significantly suppresses the extent of the · phase whereas it slightly increases that of the » phase. This result suggests that adding Cu to the base alloy effectively retards the precipitation of the deleterious phases.
Effect of Cu addition on mechanical properties
Tensile tests were performed to measure the mechanical properties of the alloy specimens in order to elucidate the effect of Cu addition and the different aging times on the precipitation of deleterious phases and the associated mechanical properties of HDSSs. In previous studies, these tests have shown that the embrittlement caused by the addition of Cu may be due to the precipitation of the · and » phases. 32, 33) To investigate the effect of aging on the tensile properties, tensile tests were performed using base and 1.5Cu alloy aged at 1123 K for 10 min at room temperature. The tensile properties data of base and 1.5Cu alloy aged at 1123 K for 30 min could not be determined due to brittle failure in elastic range. The total elongation of base alloy was greatly reduced after aging from 29.2 to 2.5%, and that of Cu alloy was reduced by aging from 27.8 to 10%. It is thought that the embrittlement of the alloys was apparent during plastic deformation owing to the precipitation of secondary phases (» + ·) and chromium nitride particles. The decrease in the total elongation of the experimental alloys seemed to depend on the total area fraction of the deleterious phases, as shown in Fig. 7 . It is realized that deleterious phases, such as » and · phases and chromium nitride particles, were induced to decrease the total elongation of specimens. The deterioration of ductility by the precipitation of deleterious phases was significantly retarded in 1.5Cu alloy compare with that in base alloy owing to the delayed precipitation of these deleterious phases. Figure 8 shows the fracture surfaces of the solutionannealed and aged base alloy and 1.5Cu alloy specimens after they had been subjected to tensile tests at room temperature in air. The solution-annealed base and 1.5Cu alloy specimens exhibited fully ductile fracture surfaces with a welldeveloped dimple structure (Figs. 8(a) and 8(b) ). However, the base alloy specimen aged at 1123 K for 10 min showed somewhat complicated fractured surfaces as shown in Fig. 8(c) . The fracture surface showed various brittle fractured modes such as corrugated morphology, 34, 35) as well as cleavage fracture 36, 37) and hair-line cracks. 35, 37) Chun et al. 37) reported that cleavage fracture and hair-line cracks were deteriorated the tensile properties in high Mn austenitic steel. Meanwhile, the fracture surface of the 1.5Cu alloy specimen aged at 1123 K for 10 min showed both ductile and brittle mixed mode (Fig. 8(d)) . Although a few cleavage and intergranular fractures 38) were observed in the aged 1.5 Cu alloy, the area fraction of the brittle fracture surface was greatly reduced. Therefore, the reason that the decrease in elongation of the base alloy specimen aged at 1123 K for 10 min (Fig. 7) was due to the easy transition of the fracture mode from ductile to brittle. Thus, this is further proof that, when added to the base alloy, Cu retards the decrease in the ductility of the alloy owing to the delayed precipitation of deleterious phases.
Conclusions
(1) The addition of Cu to the base alloy reduces the total amount of deleterious phases precipitated in it. In particular, Cu addition to the base alloy results in pronouncedly suppressing the amount of sigma phase whereas it slightly facilitates the precipitation of chromium nitride and » phase along phase boundaries and within ¡ grains. might also be due to the precipitation of deleterious phases such as the · and » phases and chromium nitride particles. The addition of Cu to the base alloy reduces its embrittlement owing to the delayed precipitation of these deleterious phases. (3) The preferential precipitation of chromium nitride and the » phase along the phase boundaries and within the ¡ grains seems to be closely associated with the retardation of the precipitation of the · phase. Since the formation of the · phase in the experimental alloys required high concentrations of Cr, Mo and W, the preferential precipitation of chromium nitride and the » phase in the alloys in the initial stage of aging inhibited the nucleation and growth of the · phase. This was because of the depletion of the Cr adjacent to the chromium nitride particles and the depletion of the Mo and W adjacent to the » phase.
